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Abstract
Bleeding canker of horse chestnut trees is a bacterial disease, caused by the bacterium Pseudomonas syringae pv. aesculi, 
estimated to be present in ~ 50% of UK horse chestnut trees. Currently, the disease has no cure and tree removal can be a 
common method of reducing inoculum and preventing spread. One potential method of control could be achieved using 
naturally occurring bacteriophages infective to the causative bacterium. Bacteriophages were isolated from symptomatic 
and asymptomatic horse chestnut trees in three locations in the South East of England. The phages were found to be belong-
ing to both the Myoviridae and Podoviridae families by RAPD PCR and transmission electron microscopy. Experimental 
coevolution was carried out to understand the dynamics of bacterial resistance and phage infection and to determine whether 
new infective phage genotypes would emerge. The phages exhibited different coevolution patterns with their bacterial hosts 
across time. This approach could be used to generate novel phages for use in biocontrol cocktails in an effort to reduce the 
potential emergence of bacterial resistance.
Introduction
In the last 15 years, there has been an epidemic outbreak of 
bleeding canker disease in horse chestnut tree populations 
in North Western Europe [1, 2]. Horse chestnut bleeding 
canker (HCBC) is a disease caused by the bacterium Pseu-
domonas syringae pv. aesculi (Pae). Disease symptoms are 
observed as dark lesions on the trunk and branches with tree 
exudates emerging from the lesions to create a bleed. The 
phloem, cambium and aerial woody parts of the tree are 
infected, and the leaves of the tree may become chlorotic 
and drop early [3]. If the canker infection becomes acute 
and encircles the entire trunk then the water supply can be 
cut off to the crown and the tree will die. Pockets of dead 
tissue caused by the cankers can lead to the trees developing 
weakened limbs and trunks, thus being deemed unsafe and 
removed due to the potential for collapse [4].
Pseudomonas syringae is a species complex of plant 
pathogens that can infect a wide range of plant hosts. The 
pathogen can be widely dispersed in the environment via 
its link to the water cycle [5, 6]. Two distinct pathotypes of 
Pae have been found, one (called I-Pae) that causes a leaf 
spot disease in Aesculus indica (Indian horse chestnut), and 
another (called E-Pae) that causes HCBC in Aesculus hip-
pocastanum (European horse chestnut). Multilocus sequence 
typing using seven housekeeping genes found that the E-Pae 
strains were highly related to the I-Pae strain [7], but with 
just a few key genomic differences that likely reflects the 
difference in pathology. Genome sequencing of three British 
Pae strains displayed strong genomic similarity implicating a 
recent introduction of the pathogen into the country. Little is 
known about the route of transmission of Pae and how it can 
gain entry into the tree and survive within the tree environ-
ment. However, establishment of infection means the tree 
can rapidly succumb leading to death [3].
Tree disease has rapidly come to the forefront of national 
plant health agendas because of the threat of major popu-
lation losses and the inability to treat trees with microbial 
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infections [8]. One potential approach to consider is bacteri-
ophage (phage) therapy of trees with bacterial infections [9]. 
Phage are viruses of bacteria, which can rapidly infect and 
kill bacteria without harming the host [10]. Phage have long 
been used for the control of human and plant bacterial dis-
eases, but their usage is limited in many countries because of 
the prevalence of antibiotic and chemical treatments [9–11]. 
However, regulatory changes and the advent of widespread 
antibiotic resistance has brought a reappraisal of phage as 
an application for disease treatment. The development of 
effective phage biological control agents requires knowledge 
of the phage, the host bacterium and the way in which they 
interact. Studying how the two coevolve together can aid us 
in understanding the dynamics of bacterial resistance and 
phage infection [12] that will help with understanding the 
way in which they will work in the field and to the design 
of a targeted phage therapy agent or cocktails of phage [13, 
14]. Here, we aimed to isolate, identify and characterise 
phage that can infect Pae. We then aimed to examine how 
the phage and host coevolved with a view to identifying 
patterns of evolution and new phage genotypes that could 
be used in kill curve assays to identify the efficacy of dual-
phage cocktails for preventing host bacterium growth.
Materials and Methods
Bacterial Strains and Culture Media
Pseudomonas syringae pv. aesculi (Pae) strain 2250 was 
used as the host strain for isolation and propagation of phage 
isolates. Other Pae strains (Pae 6617, 6619, 6620, 6623, 
6631) and bacteria were used for analysis of host range 
(Table 1). Kings B Medium (KB, 1 L distilled water, 20 g 
protease peptone, 1.5 g  K2HPO4, 1.5 g  MgSO4·7H2O, 10 ml 
glycerol (plus 15 g L−1 agar for plates); [15]) was used for 
culturing the bacterial strains. For broths, a single colony 
was inoculated into 10 ml of KB within 30 ml glass vials 
(ThermoFisher Scientific, UK) and incubated at 27 °C for 
16 h in a shaking incubator (200 rpm). For agar plates, the 
bacteria were streaked on plates (48 h) or added as a suspen-
sion  (108 colony forming unit (CFU) per ml) in hard agar 
Table 1  Bacterial strains used in this study
Pseudomonas syringae pv. aesculi (Pae) 2250 was used as the host strain for isolation and propagation of phage isolates. Others strains of Pae, 
alongside other Pseudomonads and environmental bacteria, used for analysis of host range
a https ://ncppb .fera.defra .gov.uk/furth erinf o.cfm?ncppb _no=247
b https ://ncppb .fera.defra .gov.uk/furth erinf o.cfm?ncppb _no=949
c https ://scd.landc arere searc h.co.nz/Speci men/ICMP_2848
Bacterium Strain Source
Pseudomonas syringae pv. aesculi 2250 Horse Chestnut in Pitlochry, UK, Green et al. [8]
Pae 6617 Horse Chestnut in Glasgow, UK, Green et al. [8]
Pae 6619 Horse Chestnut in Winchester, UK
Pae 6620 Horse Chestnut in Ewelme, UK
Pae 6623 Horse Chestnut in Alice Holt, UK
Pae 6631 Horse Chestnut in Belgium, Bultreys and Gheysen [1]
P. syringae pv. corriandricola 12,471 Yamamoto et al. (2000)
P. syringae pv. lachrymans 789 Cucurbit pathogen, Yamamoto et al. (2000)
P. syringae pv. tomato DC3000 Tomato pathogen, Buell et al. (2003)
P. agaricii NCPPB 2472 Mushroom pathogen, Storey (2018)
P. cichorii 907 Zannoni and Ingledew (1984)
P. corrugata CFBP5454 Tomato pathogen, Solaiman et al. (2005)
P. fluorescens Pf-01 Soil, Compeau et al. (1988)
P. fluorescens Pf-5 Rhizosphere of cotton seedlings, Howell and Stipanovic (1979)
P. putida PAW340 Soil, Franklin and Williams (1980)
P. tolaasii 2192T Mushroom pathogen, Storey (2018)
P. viridiflava ICMP 2848 Beana
P. marginalis pv. marginalis NCPPB 247 Lettuceb
P. marginalis pv. pastinaceae NCPPB 949 Lettucec
Citrobacter werkmanii CwR94 Strawberry, Hamilton (2015)
Erwinia amylovora CFBP 1430 Crataegus sp. pathogen, Paulin and Samson (1973)
Rhizobium leguminosarum bv trifolii RCR221 White clover, Roberts et al. (2017)
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(1.5% agar) bottom plates (24 h) for plaque assays. 0.7% KB 
agar (diluted from 1.5% to 0.7% with sterile distilled water 
(SDW) in appropriate volumes for the number of assays 
required) was used to prepare the soft top agar overlay of 
the plaque assays. Glycerol (40% v/v with SDW) was used 
1:1 with overnight bacterial broth suspensions for frozen 
stock production.
Sample Collection from Trees
Samples were taken from ten A. hippocastanum trees show-
ing symptoms of HCBC disease and ten asymptomatic trees, 
on the University of Reading Whiteknights Campus (Read-
ing, UK). Other samples were taken from four diseased and 
four healthy trees at Kew Gardens (Royal Botanic Gardens, 
London, UK); and from one diseased tree and three healthy 
trees at Harpsden woods near Henley-on-Thames (Oxford-
shire, UK). Soil samples were taken from the base of the 
tree, no more than a metre from the tree, from 10 cm into 
the ground and taking lower soil rather than surface soil. 
The trowel used to take the soil sample was sterilised with 
100% ethanol between trees. Leaf samples were taken from 
the lower branches of the tree, with 3 whole leaflets being 
taken. All samples were stored at 4 °C for later use.
Sample Preparation for Phage Isolation
For phage isolation from leaf samples, one leaf was cut 
up using scissors (ethanol sterilised and flamed) and then 
placed inside a sterile 30 ml vial; 10 ml of phosphate buff-
ered saline (PBS, prepared according to manufacturer’s 
instructions, ThermoFisher Scientific, UK) was added in 
addition with 1 g sterile glass beads. The vial was vortexed 
for a minute and 2 ml of resulting supernatant was filtered 
through a 0.22 µm syringe injection filter (Millipore, Sigma-
Aldrich, UK) to remove any bacteria. The resulting filtrate 
was stored at 4 °C for use in plaque assays. For phage isola-
tion from soil samples, 1 g of soil was weighed and added 
to a sterile 30 ml glass vial and the same method as for leaf 
samples was followed. After vortexing, the soil was allowed 
to sediment to the bottom of the vial and 2 ml of supernatant 
was then removed without disturbing the settled soil and 
filtered as described above. Bark samples (1 g) were treated 
in the same way as soil.
Host Range Assay
The optical density (OD) of overnight bacterial cultures 
were measured at 600 nm and adjusted to an optical density 
of 0.1 (≃108 CFU per ml). 100 µl of the bacteria were spread 
plated on to a hard KB agar plate to form a fresh lawn of the 
bacteria. The lawn was left to dry before 5 µl of different 
phage isolates  (104–105 PFU ml−1) were spotted on to the 
plates and allowed to dry in a laminar flow hood. Controls 
of PBS were spotted on to the bacterial plates. When the 
plates were dry, they were incubated at 27 °C for 24 h. After 
incubation, plates were checked for clearing where the spots 
of phage were applied.
Electron Microscopy
10 µl of fresh phage sample (≃108–109 PFU  ml−1) was cen-
trifuged in an ultracentrifuge filter tube (30 K, ThermoFisher 
Scientific, UK) for 30 min at 15,000 rpm at 4 °C and applied 
to the shiny side of a copper coated carbon-formvar TEM 
grid and left for 10 min to dry to the grid. Excess liquid was 
blotted away with filter paper. 10 µl of 1% (w/v in distilled 
water) uranyl acetate was spotted on to the grid and left for 
1 min. Excess uranyl acetate was blotted away with filter 
paper. The grids were left to dry for 5 min in a fume hood. 
Samples were analysed using a Phillips CM200 transmis-
sion electron microscope (TEM) at an accelerating voltage 
of 80 kV and photos taken using the Reading AMT camera 
system software.
Phage DNA Extraction
A ‘Phage DNA Isolation Kit’ (Norgen Biotek, Canada) was 
used to extract phage DNA isolated from a high titer plate 
lysate (minimum of  108 PFU ml−1). Before DNA extraction 
the lysate was centrifuged at 13,000 rpm for 1 min then 
filtered through a 0.22 µm filter (Millipore) to remove any 
whole bacterial cells. The sample was then treated with the 
DNase and DNase buffer (Norgen Biotek, Canada) accord-
ing to manufacturer’s instructions, for 15 min at room tem-
perature. All other additional steps were followed (except 
for addition of proteinase K) and a second elution of the 
DNA undertaken to increase the volume eluted to 150 µl. 
Extracted DNA was stored in a 1.5 ml ultracentrifuge tube at 
− 20 °C until needed. The DNA concentration was measured 
using a Nanodrop 2000 (ThermoFisher Scientific, UK) by 
pipetting 2 µl of DNA sample onto the pedestal.
Random Amplification of Polymorphic DNA (RAPD) 
PCR
RAPD PCR was done using DNA Primer P1 (CCG CAG 
CCAA [16]) at a concentration of 100 pmol µl−1, with 10 µl 
GoTaq® Green Mastermix (Promega, UK) and 8 µl SDW 
and added to a 200 µl PCR microtube. Pae 2250 was used 
as a control alongside a negative control containing only 
SDW. Reaction conditions were followed as described by 
Gutierrez, Martin-Platero [17]: four cycles at 94 °C for 45 s, 
30 °C for 120 s and 72 °C for 60 s; 26 cycles at 94 °C for 
5 s, 36 °C for 30 s and 72 °C for 30 s (the extension step 
increased by 1 s for every new cycle); a final step of 10 min 
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at 75 °C followed by 4 °C for ∞. DNA amplicons were 
electrophoresed through a 1% (w/v) agarose (Bioline, UK) 
gel and bands excised from the gel and purified with a QIA-
GEN clean-up kit (QIAGEN, UK) to be cloned for sequenc-
ing. DNA fragments were cloned using the TOPO One-shot 
system according to manufacturer’s instructions (Invitrogen, 
ThermoFisher Scientific, UK).
Experimental Coevolution
30 ml glass vial containing 6 ml of KB broth were inocu-
lated with 6 µl 3 × 107 CFU ml−1 of Pae 2250 and 10 µl 
 103 PFU  ml−1 of phage without shaking [18] to hold the 
bacteria and phage population constant for varying number 
of transfers. Six replicate vials were set up for each different 
phage. Six control vials containing only KB broth was also 
used throughout the experiment to check for contamination. 
All the vials were incubated for 48 h at 27 °C after which the 
vials were vortexed and 60 µl of each population (including 
60 µl of the control) was removed and transferred to a fresh 
glass vial containing 6 ml of KB broth. This was repeated 
once more after which a sample of the bacterial popula-
tion and the phage population was removed and frozen at 
− 80 °C. Bacteria were isolated by spinning down 1 ml of 
the population, removing the supernatant and washing with 
1 ml of PBS twice. 700 µl of bacterial suspension was mixed 
with 300 µl of 40% glycerol and frozen at − 80 °C. Phage 
were isolated by filtration of 1 ml of the population through 
a 0.22 µm filter. The experiment was continued for 12 trans-
fers with sample population collections every 2nd transfer. 
Each phage was tested against the bacterial populations to 
past (two transfers previous), the present transfer (contem-
porary) and future (two transfers subsequent). Lines of each 
phage from each 2nd transfer were streaked on to large Petri 
dishes containing KB agar. Twenty colonies of each bacte-
rium from each transfer were streaked across the phage line 
and the plates incubated for 48 h before observing for signs 
of bacterial infectivity. A bacterial colony was classed as 
sensitive to a phage population if there was any inhibition 
of growth, otherwise it was classed as resistant. The rate of 
phage infectivity evolution at each transfer was determined 
as proportion of resistant colonies of bacterial populations 
to past, contemporary and future of sympatric phage popu-
lations [19]. This calculation will provide a slope in which 
both phage infectivity evolution and bacterial resistance evo-
lution can be determined.
Killing Curve Assay
A killing curve assay was conducted to evaluate whether 
there were any differences in bacterial killing between 
past and future phage from the coevolution experiment. A 
Greiner 96-well flat-bottomed plate was inoculated with 
100 μl of  108 CFU ml−1 of overnight culture of bacterial 
cells in KB. Wells were then inoculated with 100 μl of 
 107 PFU  ml−1 (MOI of 0.1) of each respective phage sam-
ple (or cocktail of past and future, passage 12) to be tested. 
Directly after inoculation the plate was loaded into a Magel-
lan plate reader running Tecan software, measuring the opti-
cal density at 595 nm every 20 min for 24 h, with incubation 
at 27 °C and shaking for 10 s before each reading.
Results
Phage Isolation
To isolate phage, samples were taken from both sympto-
matic and asymptomatic horse chestnut trees in the south 
east of England. The soil, leaves and bark of horse chest-
nut trees were sampled. It was hypothesised that infected 
trees would most likely have phage present due to the pres-
ence of the bacterial host. However, healthy trees were also 
included, to determine if there was any correlation between 
tree health and presence/absence or frequency of phage. A 
total of 32 trees were sampled from the south of England, 
15 showing disease symptoms and 17 without symptoms. 
Bark was only sampled from 20 trees and not sampled there-
after because phage was not isolated from any of the initial 
samples. However, phages were isolated from the leaves of 
five (33%) and the soil of eight (53%) of the trees showing 
disease symptoms. Of these samples, two (13%) of them 
had phage present in both the soil and leaves of the sample. 
Phage were isolated from the leaves of five (29%) and the 
soil of four (24%) of the trees without disease symptoms. Of 
these samples, two (12%) of them had phage present both 
in the soil and leaves of the sample. There was no signifi-
cant difference (ANOVA) in the mean PFU  ml−1 of phage 
isolated from (i) leaves of canker positive (symptomatic) or 
negative (asymptomatic) trees (F = 1.01, df = 1, p = 0.32); or 
(ii) soil of canker positive (symptomatic) or canker negative 
(asymptomatic) trees (F = 0.24, df = 1, p = 0.63). A Fishers 
exact test showed that there was no significant difference for 
the number of trees (symptomatic or asymptomatic) with 
phage present on the leaves or in the soil.
Phage Trait Analysis
To identify different phage isolates, a number of phenotypic 
traits were assessed, including plaque size (a measure of 
morphology) and host range (a measure of specificity). A 
total of 22 phage isolates were assessed. Plaque sizes of 
phage isolates from the tree samples varied from less than 
1 mm to 3–4 mm in diameter. Plaques with diameters of less 
than 1 mm were all isolated from the leaf samples. Soil sam-
ples yielded phage isolates producing large clear plaques and 
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small pinhole plaques. Some phage isolated from leaves pro-
duced hazy plaques, possibly indicating a lysogenic infection 
cycle and these were not studied further. To test the host 
range of the phage isolates, a range of different bacteria at 
OD 0.1 were tested for susceptibility; by spotting 5 µl of 
different phage isolates  (104–105 PFU ml−1) on a lawn of 
bacteria and looked for clearing where the spots of phage 
were applied. All of the phage isolates could infect five other 
E-Pae strains and some were able to infect other pathovars 
of P. syringae, encompassing the entire spot (Table 2). How-
ever, the phage isolates were unable to infect other plant-
associated bacteria, P. fluorescens SBW25, Erwinia amylo-
vora strain EaCFBP430, and Rhizobium leguminosarum pv. 
trifolii (Table 2). Notably, differences in host range were 
observed when inoculated with other P. syringe pathovars 
or P. marginalis pv. marginalis.
Characterisation of Four Candidate Phage
Four phage isolates, 2KS, RC8CS, RC5CS and 1CKS, 
were chosen for further analysis. Although they all came 
from soil samples, they were selected based on plaque size, 
with two of them being large plaque producing phage (2KS 
and RC8CS) and the other two producing small plaques 
(1CKS and RC5CS). These phage isolates also produced 
clear, not hazy, plaques indicating they were more likely 
to be lytic rather than lysogenic phage. All four exhibited 
a differential host range except 2KS and RC8CS. Trans-
mission electron microscopy was employed to image the 
morphology of the phage and estimate their size (Fig. 1). 
All four phages exhibited typical head and tail morpholo-
gies associated with the Order Caudovirales. The two 
phages forming small plaques both displayed icosahedral 
heads of approximately 55 nm in size, a collar, and a long 
tail of roughly 90 nm and 120 nm in length for 1CKS and 
RC5CS, respectively. They had tubular tails with no vis-
ible tail fibres. Together, these characteristics suggest they 
belong to the Myoviridae family (Fig. 1). Although a clear 
image of phage RC8CS was difficult to obtain (Fig. 1d), 
both large plaque phage displayed icosahedral heads of 
roughly 50 nm in size, with a short tail with no tail fibres 
being obvious for 2KS (Fig. 1); these characteristics are 
typical of Podoviridae family phages.
Table 2  Host range analysis of 
twenty-two phage isolates from 
leaves (L) and soil (S) of A. 
hippocastanum trees
Highlighted text (bold) denote phage selected and used for further in-depth characterisation, coevolution 
and trial. Most phages were able to infect Pseudomonas syringae pv. aesculi (2250, 6617, 6619, 6620, 
6623, 6631) alongside other Pseudomonads (P. syringae pv. lachrymans, P. syringae pv. tomato, P. margin-
alis pv. marginalis)
Sample 2250 6617 6619 6620 6623 6631 P. s. lach-
rymans
P. s. tomato P. m. 
margin-
alis
RC1 L  +  +  +  +  +  + −  + −
RC10 L  +  +  +  +  +  +  +  + −
RC5 L  +  +  +  +  +  +  + − −
RC3C L  +  +  +  +  +  +  +  + −
RC7C L  +  +  +  +  +  +  +  + −
RC8C L  +  +  +  +  +  +  + − −
RC9C L  +  +  +  +  +  +  + −  + 
RC9 S  +  +  +  +  +  + − − −
RC5C S  +  +  +  +  +  + − − −
RC5C S  +  +  +  +  +  + −  +  + 
RC8C S  +  +  +  +  +  + − − −
4 K L  +  +  +  +  +  +  + − −
4CK L  +  +  +  +  +  +  +  + −
2 K S  +  +  +  +  +  + − − −
2 K S  +  +  +  +  +  +  +  + −
4 K S  +  +  +  +  +  +  + − −
4 K S  +  +  +  +  +  +  +  + −
1CK S  +  +  +  +  +  + − − −
1CK S  +  +  +  +  +  + − − −
1CK S  +  +  +  +  +  + − −  + 
3CK S  +  +  +  +  +  + − − −
3H S  +  +  +  +  +  +  + − −
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Molecular Characterisation
Unlike bacteria, there is no known conserved gene that 
is common to all phage. To gain further insight to the 
identity of the phage, Random Amplification of Poly-
morphic DNA (RAPD) PCR was employed to generate 
DNA fragments that could be cloned and sequenced. One 
amplified fragment (~ 4000 bp) was purified after elec-
trophoresis and cloned and sequenced (Supplementary 
data Fig. 1). Although BLASTn analysis of the sequence 
did not return any matches for the four phage sequences, 
BLASTx returned matches. The two small myoviruses 
1CKS and RC5CS exhibited 99% similarity to the phage 
phiPsa374. This phage belongs to the order Caudovirales 
and the family Myoviridae and infects P. syringae pv. acti-
nidae (Psa), which causes disease in the kiwi fruit tree. 
Sequencing data also revealed the two small plaque myo-
viridae phages to have some protein sequence similarity 
to a PhoH protein. This PhoH protein could be found in 
several different phage as well as some bacteria and the 
protein has been used for identification of water borne bac-
teriophages of the family Myoviridae, further suggesting 
that the two phages are genetically similar and supporting 
their classification as belonging to the Myoviridae family. 
The sequences of the two large plaque phage 2KS and 
RC8CS revealed that both phages had similarities to the 
Pseudomonas tolaasii infecting bacteriophage Bf-7, which 
is a large plaque producing phage, belonging to the order 
Caudovirales and the family Podoviridae. Phage 2KS 
sequence also had similarities to a hypothetical protein in 
E. coli phage phiKT, which is a podoviridae phage. The 
phage RC8CS sequence also showed similarities to the 
capsid protein of phage Bf-7, suggesting the two could 
be classified into a similar group within the Podoviridae 
phage family and strengthens the argument for the clas-
sification of the phage RC8CS, whose TEM identification 
was tentative, as a member of the Podoviridae.
Killing Curves of the Four Phage Against Pae
To examine the effects of each of the four phages on bacte-
rial killing, a series of experiments were done to establish 
killing curves. All four phages inhibited bacterial growth 
although the emergence of bacterial growth likely associated 
with phage resistance was observed with all four phages. Pae 
2250 growth increase happened quickest with phage RC8CS, 
then 2KS, and approximately equally for RC5CS and 1CKS, 
with an average emergence time of 16 h.
This led us to analyse the bacterium-phage co-evolution-
ary relationship to determine whether new infective phage 
genotypes would emerge and to understand the co-evolu-
tionary dynamics.
Patterns of Co‑evolutionary Dynamics
To examine the patterns of coevolution between the four 
phages and Pae 2250, the bacterium and the four different 
phages were grown in glass vial microcosms containing 
KB medium. A proportion of the coevolving population 
was transferred to a fresh microcosm every 2 days and this 
was continued for 12 transfers. The proportion of bacteria 
that had developed resistance to the phage was determined 
by phage-bacteria streak plates to look for “breaks” (loss 
of growth) where the bacterial line crossed the phage line. 
This process was repeated for all 6 time transfer points and 
using either past, contemporary or future phage for each 
time transfer point.
The bacterial resistance to the past RC8CS phage was 
high throughout the experiment even after the 2nd trans-
fer, being > 98% across all transfer numbers (Fig. 2). The 
proportion of bacteria resistant to the future phage rapidly 
decreases at the 6th transfer with the proportion not being 
any higher than 64%. The negatively sloping line observed 
from transfer 6 indicated an escalatory evolution of phage 
infectivity in the population. This pattern of coevolution fits 
Fig. 1  Morphology of two 
phages determined by trans-
mission electron microscopy. 
a 2KS. b RC5CS. The size 
marker represents 50 nm
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with that observed in arms race dynamics where allele muta-
tions increase in frequency over time. A different pattern of 
evolution across time was observed for the other large plaque 
phage 2KS with no evidence of a culmination of escalatory 
evolution of resistance. Instead, an oscillating pattern was 
observed with bacteria either being more resistant to their 
contemporary phage than the past or future; or being more 
susceptible to their contemporary than the past or future.
There was initially evidence in the first two transfers of 
phage 1CKS that the phage was coevolving with its host 
depicting arms race dynamics with escalating levels of sus-
ceptibility. However, from transfer 6 the bacterial population 
at each transfer shows a high level of resistance to their past, 
contemporary and future phage with resistance > 80% for all 
tests, with exception for transfer 8, which showed a small 
decrease in resistance to the past phage. For the other small 
plaque phage, RC5CS, bacterial resistance to the phage 
was > 98% across all transfers except transfer 8 where there 
was a drop in total resistance to 80%; however, the line still 
remained flat indicating no level of escalatory evolution.
The proportion of resistant bacteria across all phage tests 
and transfers never fell below 66%. Statistical analysis of 
the four phages using a repeated measures model, showed 
that there was a significant difference over the course of 
the experiment for all 4 phage including the time shift 
(p = 0.001). There was a significant difference between the 
phage over time (p = 0.003) and between phage and the time 
shift (p = 0.004).
Finally, to see if there were phage still present in the final 
time point populations from the coevolution experiment, 
5 µl of the phage population was spot plated on to a lawn 
of past bacteria. All six replicates for each individual phage 
lysed the bacterial lawn encompassing the entire spot. This 
indicates that the phage population did not go extinct even 
though the observations may have suggested this due to the 
high resistance of the evolved bacterial population.
Some Evolved Phage Provide More Durable Control 
of Bacterial Growth
The evolution of new phage genotypes provided an oppor-
tunity to test them out both individually and in combination 
with its cognate parent for inhibition of bacterial growth, 
especially where resistant bacteria emerged. Only the 2KS 
and RC5CS evolved phage (singly or in combination with 
their cognate wildtype) exhibited the ability to inhibit bacte-
rial growth beyond the time when bacterial growth emerged 
for the wildtype phage alone (Fig. 3).
Fig. 2  Rate of evolution of 
phages through time. a RC8CS, 
b 2KS, c 1CKS, d RC5CS. The 
experimental coevolution was 
done by inoculating King B 
medium (KB) with phage and 
bacteria. After 48 h incuba-
tion at 27 °C, both bacteria and 
phage were recovered and trans-
ferred to new KB broths. This 
was repeated for 12 transfers 
with sample population collec-
tions every 2nd transfer. Each 
line represents the resistance of 
bacteria to past (two transfers 
previous), contemporary (the 
present transfer) and future (two 
transfers subsequent) phage. 
Values are mean of six repli-
cates ± SEM
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Discussion
Bleeding canker of horse chestnut trees poses a great threat 
to the species in the UK and the rest of Europe, yet no con-
trol strategy has been found. Without appropriate interven-
tion we may face the loss of an amenity species. To iden-
tify novel control strategies requires considerations of new 
therapies, especially since antibiotic usage is restricted. 
Phage therapy offers the opportunity to develop and use 
a natural biocontrol agent. Therefore, in this research, we 
identified and characterised phage and through the use of 
experimental evolution obtained new phages. A number of 
bacteriophages from diseased and non-diseased tree mate-
rials were isolated and tested for infectivity against Pae, 
the causative agent of bleeding canker in horse chestnut. 
The bacteriophages inability to infect P. fluorescens and R. 
leguminosarum pv. trifolli is promising for phage treatment, 
as these are both plant beneficial bacteria: P. fluorescens 
plays a role in plant growth promotion [20] and Rhizobia 
are important in the nitrogen cycle and improving nitro-
gen availability to plants. Therefore, we would not want to 
negatively impact such beneficial bacteria with any plant 
phage-based biocontrol agent. Equally, it is very positive 
that the phages are able to infect all the isolates of E-Pae, as 
this indicates that it would be able to infect multiple strains 
in the field, especially given the Pae strains exhibit a high 
degree of similarity [7]. Notably, E-Pae strain (6631) comes 
from Belgium. However, the host range assay in this study 
was done using spot tests which might overestimate both 
the overall virulence and the host range of phage and future 
testing should consider quantitative approaches for accurate 
host range determination [22, 23].
The phage isolates were coevolved with the host to create 
new genotypes, enabling exposure bacterial defence mecha-
nisms and thus favouring the emergence of new phage geno-
types that can overcome the bacterial defences. Doing this 
over several passages allowed insight to the phages abilities 
to coevolve with its host and the implication such adaptation 
may have upon fitness [12, 24]. The coevolved phages might 
demonstrate greater ability to combat bacterial resistance. 
The experimental coevolution allowed insight to whether 
evolution of bacterial resistance was escalatory i.e. the future 
phage being more infective than the contemporary and the 
contemporary being more infective than the past, indicated 
by a negative sloping line. The experiment showed the two 
small plaque Myoviridae phages were more limited in evo-
lutionary innovations during coevolution with their host. 
However, a different observation was made for the large 
plaque producing Podoviridae phages, with each display-
ing different patterns of coevolution. Previous studies using 
Podoviridae phages have demonstrated coevolution within 
the population [26]. This would suggest that identification of 
Fig. 3  In vitro killing curve 
of past and future phages. a 
RC8CS, b 2KS, c RC5CS, d 
1CKS phage on the bacterium 
Pseudomonas syringae pv. aes-
culi 2250 (control) using MOI 
of 0.1. Past, wildtype phage and 
future phage isolated from the 
coevolution end point (passage 
12). Past: phage collected and 
tested from two transfers previ-
ous and future: phage collected 
and tested from two transfers 
subsequent to present phage. 
The plate was incubated at 
27 °C and the  OD595 was meas-
ured every 20 min for 24 h with 
shaking for 10 s before each 
reading. Values are the means 
of 6 replicates
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Podoviridae phage specific to the bacterium of interest could 
be beneficial in the creation of a phage therapy. The pattern 
in Podoviridae phage 2KS is an oscillating pattern of peaks 
and troughs across time, commonly seen in the matching 
alleles pattern of coevolution [27] but this pattern can also 
indicate an arms race under fluctuating selection dynam-
ics. However, the dynamics for the other Podoviridae phage 
RC8CS shows negative slopes of resistance across time, the 
pattern seen in the gene-for-gene pattern of coevolution. An 
alternative explanation may be the presence of a mutator 
strain of the bacterium present in the population giving rise 
to differences between the two, although the presence of 
mutators within a population is likely to send the phage pop-
ulation extinct [28], something not observed in this coevolu-
tion study. This pattern of evolution has similarities to that 
observed in fluctuating selection dynamics, either following 
matching alleles-type dynamics or the result of ecological 
feedback in arms race dynamics, although without compara-
tive genomic information it is difficult to conclusively favour 
one over the other. We showed that experimental coevolu-
tion can be used as means for the generation of new phages 
better able to control the pathogen populations and thus can 
be considered for use in cocktails for biological control of 
plant diseases.
The results indicate the interaction between phages and 
bacteria is complex and is not the same across all phage and 
bacteria. However, this work provides insight for consider-
ing an approach to the application of phage as a tool for the 
treatment of plant disease, as it both encompasses insights 
in to dynamics and usage for bacterial control. The results 
show promise for future studies and design of phage control 
agents.
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